Objectives: In amplitude-integrated EEG, lead placement across the forehead is convenient, but this location has unknown effects on neonatal seizure (NS) detection sensitivity. This study describes the limits of NS detection by a single forehead EEG channel.
Introduction
Despite advances in obstetrics and neonatology, neonatal seizures (NSs) remain a significant problem in the newborn period. The incidence of clinically diagnosed NSs ranges from 1.5 to 3.5 per 1000 live term born babies. [1] [2] [3] Because most electrographic seizures in the neonate are subclinical, these figures may underestimate their true incidence. [4] [5] [6] [7] Clinical NSs have been correlated with significant neurological morbidity and mortality. 7, 8 Because of the concern for missing difficult to recognize or frankly subclinical electrographic NSs, diagnostic monitoring tools are increasingly used in intensive care units for high-risk neonates.
The gold standard for NS diagnosis and quantification is conventional electroencephalogram (CEEG), which uses a full array of electrodes placed according to the International 10-20 system modified for neonates ( Figure 1 ). These examinations are performed by trained technologists and interpreted by electrophysiologists expert in neonatal EEG. The logistic limitations of CEEG often include their brief duration (usually under 60 min) and limited access to appropriately trained electrophysiologists. They are not routinely available around the clock at most hospitals. The need for immediately available, continuous monitoring that is interpretable in real time at the bedside has inspired the development of amplitude-integrated EEG (aEEG).
aEEG uses one or two highly processed and time-compressed EEG channels displayed at the bedside for real-time interpretation by care providers to assess long-term trends in the EEG background and to detect some electrographic seizures. Although this method has the advantage of bedside utility, there are known limits to its sensitivity in seizure detection. [9] [10] [11] For single-channel aEEG, most advocate lead placement at the biparietal areas (P 3 -P 4 channel), which overlies a vascular watershed. 12 The closest corresponding electrode pair in neonatal CEEG using the 10-20 system for neonates is the adjacent bicentral area, represented by the electrode pair C 3 -C 4 ( Figure 1 ). However, in practice, some clinicians prefer lead placements on the forehead because of the convenience of avoiding scalp hair and compatibility with selective head-cooling devices. The closest correspondence to forehead electrodes in CEEG is represented by the frontopolar electrode pair, Fp 3 -Fp 4 ( Figure 1 ). It is unknown whether this alternative lead placement affects the sensitivity of NS detection. This study sought to compare the sensitivity for NS detection of a single EEG channel at Fp 3 -Fp 4 with a single channel at C 3 -C 4 and with CEEG.
Methods
The Children's Hospital of Philadelphia's Institutional Review Board approved this study. We reviewed a sample of NSs from a digital library of neonatal CEEGs with electrographic seizures that were recorded as part of prior research protocols or for clinical purposes. These records were previously stripped of patient identifiers and converted to Persyst format (Persyst Corp., Rochester, MN, USA). Each CEEG had been analyzed by two electroencephalographers (RS and RC) for background characteristics, the duration of seizures and site of seizure onset, as described in a previous study. 10 An electrographic seizure was defined as a specific event recognized by a sudden, repetitive, evolving and stereotyped ictal pattern with a clear beginning, middle and ending; a minimum duration of 10 s; and amplitude of at least 2 mV. To be counted as distinct events, individual seizures had to be separated by at least 10 s.
In addition to the CEEG, two additional single channels of EEG were created and simultaneously displayed. The channel C 3 -C 4 was chosen to closely approximate the P 3 -P 4 location from which aEEG is usually generated (Figure 1 ). The Fp 3 -Fp 4 channel was created to simulate the forehead location preferred by some neonatologists. For each CEEG, up to the first three seizures were detected by visual analysis, their durations measured and site of origin determined. The maximal peak-to-peak amplitude of each seizure was measured electronically and the mean of these amplitudes was calculated using Matlab (Mathworks Inc., Natwick, MA, USA). Each CEEG was then reviewed again to determine whether those seizures also appeared in the single C 3 -C 4 or Fp 3 -Fp 4 channels. The durations and maximal peak-to-peak amplitudes of seizures detected by the single channels were similarly measured and recorded. Finally, we compared the technical quality of single-channel EEGs recorded at C 3 -C 4 and Fp 3 -Fp 4 .
A power analysis yielded a sample size estimate of 125 CEEGs, assumed to have three seizures per study. This was calculated to obtain a 95% confidence interval of ± 5% around the true percentage of seizures detectable with a single channel at Fp 3 -Fp 4 . Continuous variables were compared using two-tailed student's t-test and ANOVA statistics. Categorical variables were compared using a Pearson's w 2 -test. P-values of less than 0.05 were considered statistically significant.
Results
A total of 125 CEEGs were recorded from 121 neonates whose conceptional ages (legal age plus estimated gestational age) ranged from 34 to 50 weeks. Altogether there were 330 seizures detected. Electrographic characteristics of the seizures are described in Tables 1 and 2 . The mean length of the CEEG tracings analyzed was 26 ± 20.6 min (mean ± s.d.). The duration of CEEG seizures was 147±254 s. The mean of their maximal peak-to-peak amplitudes was 81.6 ± 74.2 mV. The most common site of origin was central (C 3 or C 4 ), occurring in 38.2%. Seizures were least likely to begin in the frontopolar areas (Fp 3 or Fp 4 ), and accounted for only 7.3% of the total.
A total of 73% (242/330) of the CEEG seizures were also detected in the single C 3 -C 4 channel. Mean seizure duration at C 3 -C 4 was 111 ± 241 s, not significantly different from seizure duration in CEEG (P ¼ 0.061). The maximal ictal peak-to-peak amplitude Figure 2 ). This was significantly less sensitive than the single C 3 -C 4 channel, which detected at least one seizure in 90% (113/125) of the CEEG records (P<0.0001).
The single channels also differed in their ability to detect seizures originating from different locations ( Table 2 ). In CEEG, seizures arose most commonly centrally (38.2%), followed by temporal (25.5%), occipital (17.3%), midline (11.8%) and frontopolar (7.3%). The single Fp 3 -Fp 4 channel detected significantly fewer seizures than C 3 -C 4 in those originating in the central (C 3 or C 4 ) or temporal (T 3 or T 4 ) regions.
An unexpectedly high number of records contained artifact in the single Fp 3 -Fp 4 channel, which obscured seizure detection ( Figure 3 ). Fourteen of the 125 studies (11%) were at least partially obscured by recording artifact at Fp 3 , Fp 4 or both. In each case, the artifact rendered the record uninterpretable at Fp 3 -Fp 4 alone for at least one seizure. These records commonly had no prominent artifacts at other leads.
Discussion
The single electrode pair P 3 -P 4 is considered the ideal theoretical site for aEEG lead placement. However, many practitioners are tempted to use Fp 3 -Fp 4 due to its practical advantages. Leads at the frontal locations avoid neonates' hair and avert the need for scalp shaving or colloid adhesives. Likewise, the forehead location is highly visible to bedside personnel, who can easily visually confirm lead security without manipulating the patient. Finally, the forehead location for aEEG lead placement is compatible with selective head-cooling devices, which are increasingly common in the neonatal intensive care unit. However, recommendations for forehead lead placement might adversely affect the sensitivity of NS detection. This is the first study to quantitatively compare the effects of lead placement on the sensitivity of single-channel EEG for NS detection. Previously, we demonstrated that the 'raw' EEG recorded from a single pair of central electrodes (C 3 -C 4 ) has relatively good sensitivity for NS detection; however, sensitivity decreased significantly when the raw EEG was processed to create aEEG tracings.
9,10 The current study shows that many NSs are missed when a single forehead channel of raw EEG is recorded from a pair of frontopolar electrodes. These results have important implication for electrode placement during the use of aEEG in seizure detection for high-risk neonates.
Despite the practical advantages of forehead electrodes, our data suggest that the Fp 3 -Fp 4 EEG channel has significant limitations. The sensitivity of detecting individual seizures dropped from the gold standard CEEG value of 100 to 73% at C 3 -C 4 and 46% at Fp 3 -Fp 4 . Similarly, 33% of the records had no seizures identified when using only the forehead channel, compared with only 10% when using C 3 -C 4 alone. This probably represents the minimum value for NS detection sensitivity, because it is possible that longer recording times, as occurs in clinical practice, could result in the detection of at least one seizure. Furthermore, the seizures in the Fp 3 -Fp 4 channel had significantly lower amplitudes and briefer durations than C 3 -C 4 . It is reasonably anticipated that further signal processing of raw EEG from the Fp 3 -Fp 4 channel to create aEEG tracings would similarly further reduce NS detection sensitivity.
There are several possible explanations for these differences. Cerebral electrical activity is generally poorly developed in the far frontal regions of the neonatal brain. Indeed, to facilitate EEG recordings, the International 10-20 system designates that neonatal frontopolar electrodes should be placed midway between the conventional Fp 1 /Fp 2 and F 3 /F 4 locations. These unique hybrid locations are designated 'Fp 3 ' and 'Fp 4 '. In CEEGs, NSs are least likely to originate in Fp 3 -Fp 4 . Nevertheless, they may first arise in other regions and then migrate there. 13, 14 Because most NSs do not secondarily generalize, a single EEG channel has only a limited chance to detect them. Specifically, Fp 3 -Fp 4 was less likely to detect CEEG seizures arising in the central (C 3 or C 4 ) or temporal (T 3 or T 4 ) regions than the single C 3 -C 4 channel. This may partially explain the reduced sensitivity of a single channel of EEG in this and other studies. Another contributing factor was the unexpectedly higher percentage of artifact in the frontal leads, which occurred in 11% of the studies. Artifact in frontal electrodes may arise from electromyographic activity of the frontalis muscles, drying of electrode gel by radiant warmers, or physical disruption during patient care. The presence of obscuring artifact did contribute to the difficulty in visualizing some seizures at Fp 3 -Fp 4 . 
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Finally, it is possible that the sensitivity of the Fp 3 -Fp 4 channel was reduced by the shorter interlead distance at this location. EEG displays the difference in voltage between two electrode locations. If the electrodes are extremely close together, the measured voltage difference will be small as both locations record very similar electrical signals. In contrast, voltage differences will be greater when the recording electrodes are more widely separated. For example, if electrodes are properly placed according to the International 10-20 system in a typical neonate with a head circumference of 36 cm, C 3 and C 4 would be separated by a distance of 10.4 cm, whereas Fp 3 and Fp 4 would be only 7.2 cm apart (Figure 1 ). This possibility is further supported by our finding that seizures detected at Fp 3 -Fp 4 alone were also significantly lower in amplitude than those detected by CEEG or at C 3 -C 4 .
Similarly, the durations of NSs detected at the forehead were significantly briefer than those detected by CEEG or at C 3 -C 4 . From a clinical or research perspective, these findings indicate that the use of a single forehead EEG channel would result in missing many electrographic seizures, or underestimating their true duration if they were detected. Further processing of the raw EEG signal from Fp 3 -Fp 4 to create an aEEG tracing would be expected to even further reduce the sensitivity of seizure detection. This is particularly important if aEEG is used for NS detection and measuring the efficacy of antiepileptic drugs. If this single forehead channel alone were used to generate aEEGs to judge response to treatment, the practitioner might be misled to perceive a lower seizure burden than actually exists.
There were strengths and limitations to this study. Among the strengths were the use of full CEEG as the basis of the study, providing a 'gold standard' for seizure detection and spatial localization. CEEGs were interpreted by experienced neonatal encephalographers. These records were obtained in the course of clinical recordings of high-risk neonates, and thus would be expected to faithfully reflect those obtained in similar clinical settings. Finally, although 26% of the CEEGs had fewer than the three seizures each anticipated in our sample size calculation, we had a sufficiently large sample to provide adequate power to observe significant differences between groups. Likewise, this study included relatively brief CEEG tracings, which might have lower sensitivity compared with monitoring of longer duration in determining if a given patient has seizures. Nonetheless, the conclusion that lead placement affects sensitivity would remain true in both brief EEG recordings as well as in prolonged monitoring.
One limitation of this study is that the single channel at Fp 3 -Fp 4 used here was placed by trained technologists who strictly adhere to the International 10-20 system. It is possible that forehead electrodes placed at the bedside in clinical practice vary from these locations. Another limitation was that our study only considered sensitivity of Fp 3 -Fp 4 in seizure detection, not specificity. Also, the records reviewed were selected for known Single-channel forehead EEG CJ Wusthoff et al presence of seizures. Furthermore, the single-channel EEGs were analyzed simultaneously with the CEEG. This may bias readers to more easily detect seizures in the Fp 3 -Fp 4 or C 3 -C 4 channels than if the single-channel tracings were read entirely in isolation of CEEG. Finally, the EEGs in this study did not include tracings from neonates younger than 34 weeks gestational age, which may limit the generalizability of our results to the preterm infant.
Our study sought only to examine the effect of single-channel lead location on NS detection. We did not examine the effects of lead placement on other features of EEG, such as background characteristics. Future work is needed to clarify if lead placement affects sensitivity or specificity of EEG as used for purposes other than NS detection.
NSs detected by a single EEG channel at the forehead appear with significantly lower frequency, duration and amplitude than those simultaneously recorded by a single C 3 -C 4 channel or CEEG. Lead placement significantly affects the sensitivity of seizure detection in single-channel raw EEG. The forehead location might be adequate for routine monitoring of low risk neonates but is not likely be suitable for most high-risk neonates or those with confirmed seizures due to its poor sensitivity for seizure detection. We urge neonatologists who use aEEG to avoid forehead lead placement for NS detection.
